Previous studies about the strength of the lithosphere in the center of Iberia fail to resolve the depth of earthquakes because of the rheological uncertainties. Therefore, new contributions are considered (the crustal structure from a density model) and several parameters (tectonic regime, mantle rheology, strain rate) are checked in this paper to properly examine the role of lithospheric strength in the intraplate seismicity and the Cenozoic evolution. The strength distribution with depth, the integrated strength, the effective elastic thickness and the seismogenic thickness have been calculated by a finite element modelling of the lithosphere across the Central System mountain range and the bordering Duero and Madrid sedimentary basins. Only a dry mantle under strike-slip/extension and a strain rate of 10 -15 s , causes a strong lithosphere. The integrated strength and the elastic thickness are lower in the mountain chain than in the basins. This heterogeneity has been maintained since the Cenozoic and determine the mountain uplift and the biharmonic folding of the Iberian lithosphere during the Alpine deformations. The seismogenic thickness bounds the seismic activity in the upper-middle crust, and the decreasing crustal strength from the Duero Basin towards the Madrid Basin is related to a parallel increase in Plio-Quaternary deformations and seismicity. However, elasto-plastic modelling shows that current African-Eurasian convergence is resolved elastically or ductilely, which accounts for the low seismicity recorded in this region.
Introduction
The centre of the Iberian Peninsula is an intraplate region far from the active African-Eurasian plate boundary to the south. Its distinctive features are a Variscan basement uplifted during the Cenozoic (the Central System Range) bounded by two continental basins (the Duero and Madrid basins) ( Fig. 1) (Vegas et al. 1990; De Vicente et al. 2007) . The stress regime is complex and seismicity is low to moderate Herraiz et al. 2000; De Vicente et al. 2007; Giner-Robles et al. 2012) . Several studies have addressed the estimate of lithospheric strength to explain these characteristics (Van Wees et al., 1996; Gómez-Ortiz 2001; Tejero and Ruiz 2002; Gómez-Ortiz et al., 2005b; Pérez-Gussinyé and Watts 2005; Jiménez-Díaz et al., 2012) . Although strength strongly depends on the structure, temperature, composition, strain rate and stress regime of the lithosphere (Fernàndez and Ranalli 1997; Afonso and Ranalli 2004; Ruiz et al., 2006; Fernández-Ibáñez and Soto 2008; Burov 2011; Jiménez-Díaz et al., 2012) , average crustal and mantle structures over large areas, diverse lithologies (hard/ soft) and stress regimes (compression/tension) were assumed in those previous studies. Consequently, these strength estimates are varied, and even shallow crustal ductile levels or brittle-ductile transitions are obtained that do not totally explain the intraplate seismicity.
In order to constrain some of these factors and the related lithospheric strength, recent contributions are considered in the present work. Since the lithosphere in the peninsular centre varies laterally (Gómez-Ortiz et al., 2005a) , its strength will be determined along a detailed cross section to the Central System and bordering basins, solving the thermomechanical equations with a finite element software (ANSYS, http:// www.ansys.com). Although, dry and wet dislocation creep were previously assumed for the upper crust (Tejero and Ruiz, 2002; Ruiz et al., 2006; Jiménez-Díaz et al., 2012) , the numerical modelling of Cenozoic deformations discards a weak upper crust (Martín-Velázquez and De Vicente, 2012) , and only dry rheology will be modelled in this layer. Other uncertainties, such as tectonic regime, mantle rheology and strain rate, cannot be initially set, and they will be checked through the numerical analysis. In addition, it is interesting to understand not only how permanent deformation is solved across the lithosphere but which regions are actually under reversible and permanent deformation. Therefore, the elastic/ permanent deformation will be also analysed taking into account the current intraplate tectonic stress transmitted from the African-Eurasian boundary.
The following aims have been reached in this work: a) to achieve a more precise understanding of the Iberian intraplate lithospheric strength by reducing uncertainties and selecting results consistent with the geological and geodynamic evidences, b) to identify the relative contribution of crust and mantle in the behaviour of the lithosphere, and c) to relate the strength estimates to the Cenozoic evolution and the current seismicity. In order to achieve these aims, strength models/ envelopes, crustal/mantle/lihospheric integrated strengths, effective elastic thickness and seismogenic thickness have been estimated along a profile with wet/dry mantle rheology, under compressional/shear/tensional stress regimes, and strain rates of 10 -15 -10 -17 s -1
. The depth distribution of seismicity record has also been analysed, only considering those earthquakes with low location errors.
The Iberian intraplate lithosphere: geological and geophysical background

The Central System and the Duero and Madrid basins
The Central System is a crustal pop-up in the centre of the Iberian Peninsula with an uplifted Variscan basement (Fig.  1 ). It is a double vergence chain with thick-skin tectonics and a complex evolution during the Cenozoic (Vegas et al., 1990; Ribeiro et al., 1990; De Vicente et al., 1996; Andeweg et al. 1999; De Vicente et al., 2007) . The basement uplift extends for over 500 km toward the Atlantic coast, with an orientation ranging from E-W to NE-SW and an average width of ~80 km. The Central System is located between two Cenozoic continental sedimentary basins, the Duero Basin to the North and the Madrid Basin to the South. Both behaved as flexural foreland basins and their borders are mainly delimited by large crustal thrusts.
The Cenozoic tectonic evolution occurred in a compressive context triggered by the Eurasia-Iberia and Iberia-Africa collisions (Alpine orogeny). Deformations were caused by NW-SE compressive stresses originated at the northern Iberian active border during the Pyrenean collision (PalaeogeneEarly Miocene), and N-S compressive stresses at the southern border during the Betic collision (Neogene) (De Bruijne and Andriessen, 2002; De Vicente et al., 2007; De Vicente and Vegas, 2009) . The topography of the mountains and the basements of the bordering basins, as well as the present-day crustal and lithospheric structure, are maintained by large-scale folding and crustal thickening (Martín-Velázquez and De Vicente, 2012) . Quaternary palaeoseismic structures have been recognised in the Madrid Basin (Rodríguez-Pascua 2005; Giner-Robles et al., 2012) but the seismicity is moderate to low and it is restricted to a depth of ~15 km Herraiz et al., 2000; Tejero and Ruiz, 2002; De Vicente et al., 2007 , 2008 Giner-Robles et al., 2012) . In the Iberian Peninsula, the active tectonic regime changes from a thrustfault regime in its SW corner to a normal-fault regime in its NE corner (Jiménez-Munt and Negredo, 2003; Olaiz et al., 2009) . These two zones are linked by a complex region, where the Central System and the basins are located, under strike-slip to uniaxial extensional stress regime and where the intermediate and maximum principal stresses permute from the NW-SE horizontal axis to the vertical.
Structure, composition and heat flow
The crust in the Iberia interior has an average thickness of 30-31 km (Fig. 1b) : an 11-14 km thick upper crust, a 7-12 km thick middle crust and a 7-9 km thick lower crust (Banda et al., 1981; Suriñach and Vegas, 1988; ILIHA DSS Group, 1993) . The crustal thickness increases up to 34-36 km under the Central System (Suriñach and Vegas, 1988; ILIHA DSS Group 1993; Tejero et al., 1996; Gómez-Ortiz et al., 2005a; De Vicente et al., 2007) because of the buckling of the upper and lower crust by the Alpine compressive stresses (mainly Pyrenean) (Suriñach and Vegas 1988; Martín-Velázquez and De Vicente, 2012) . The sedimentary cover has a thickness of ~2500 m in the Duero Basin (Gómez- Ortiz et al. 2005a; De Vicente et al., 2007) , while it reaches ~3400 m in the Madrid basin (Racero Baena 1988; Querol Müller 1989; Tejero et al. 1996; Gómez-Ortiz et al. 2005a; De Vicente et al., 2007; De Vicente and Muñoz,Martín, 2012) . The lithosphere-asthenosphere boundary is located at a mean depth of ~100 km in the peninsular interior (Banda et al., 1981; Fernàndez et al., 1998; Tejero and Ruiz 2002; Martín-Velázquez and De Vicente, 2012) .
Different petrological (Racero Baena, 1988; Villaseca et al., 1999; Alonso-Gavilán et al., 2004; Alonso-Zarza et al., 2004; Ancochea, 2004; Bea et al., 2004; Villaseca and Orejana, 2008) , gravimetric (Gómez-Ortiz et al., 2005a) , seismic (Banda et al. 1981; Querol Müller 1989) , teleseismic (Julià and Mejía, 2004) , and rheological (Tejero and Ruiz, 2002) studies provide information about the prevailing lithologies of the lithospheric layers. Sedimentary materials gradually change from siliciclastic at the boundaries of the Duero and Madrid basins to evaporitic in the central areas. The nature of the upper crust is granite-metamorphic in the Central System and metamorphic under the basins. Finally, the middle crust is granodioritic, the lower crust is felsic granulitic, and the mantle is peridotitic. [1]
where k is the thermal conductivity, T is the temperature, y is the depth, S is the heat production, 0 S is the heat production at the layer top, and D is the exponential decay constant.
The strength models were based on the calculation of two mechanisms of deformation (Ranalli, 1995; Turcotte and Schubert, 2002) : a) linear increase of the brittle strength with depth by frictional sliding [3] , and b) exponential decay of the viscous strength with depth according to dislocation creep
where d σ is the differential stress, α is the parameter depending on the type of faulting, ρ is the density of rocks, g is the gravity acceleration, y is the depth, λ is the pore fluid factor, ε& is the strain rate, A and n are the material constants, Q is the activation enthalpy for creep, R is the gas constant, and T is the temperature. After calculating the brittle and ductile mechanism for each element of the mesh, the strength was finally defined by the smaller value.
The following parameters were calculated from 2D strength models: a) the integrated strength F of the crust, mantle and lithosphere, calculated from the integration of strength models [5], b) the effective elastic thickness of the lithosphere without flexure e T [6] (Burov and Diament, 1995; Watts and Burov, 2003) , and c) the seismogenic thickness s T that extends up to the most shallow brittle-ductile transition of the strength envelopes (Watts and Burov, 2003) :
T was calculated for a lithosphere made up by n layers, whose mechanical thicknesses are equal to h . The base of a mechanical layer was defined by the depth at which the strength decreases up to 10 MPa (Burov and Diament, 1995) . e T is the thickness of the entire elastic layer of the lithosphere that deforms to long-term geological loads (>10 5 yr), whereas s T is the thickness of the uppermost brittle layer that responds on historical time scales to stresses by faulting and earthquakes (Watts and Burov, 2003) .
Finally, the current deformation mechanisms of the lithosphere were obtained following the procedure of Moisio and
The surface heat flow ranges from 60 to 85 mW m -2 , with the highest values in the Central System (Fernàndez et al., 1998; Jiménez-Díaz et al., 2012) . The heat production in the upper crust ranges from 0.2-4.7 µW m -3 in the granitic rocks and from 0.8-2.3 µW m -3 in the metamorphic rocks (Fernàn-dez et al. 1998; Jiménez-Díaz et al., 2012) , whereas it barely exceeds 1 µW m -3 in the lower crust (Villaseca et al., 1999 (Villaseca et al., , 2005 Jiménez-Díaz et al., 2012) .
Previous estimates of the lithospheric strength
Over the past years, the rheological behaviour of the Iberian intraplate has been characterised by the construction of strength envelopes (Gómez-Ortiz, 2001; Tejero and Ruiz, 2002; Jiménez-Díaz et al., 2012) as well as 2D cross sections of lithospheric strength (Martín-Velázquez et al., 2008) . These tectonic units define three rheological domains, with greater differential stresses in the Duero Basin and lower in the Central System. According to Tejero and Ruiz (2002) , brittle-ductile transitions develop in the crust (one in compression and two in tension), while deformation is fundamentally ductile in the mantle. The lithospheric integrated strength is in the range of 1.3-8 x 10
12 N m -1 (Tejero and Ruiz 2002) , although later estimates increase the values by an order of magnitude .
Lithospheric strength has also been studied from the effective elastic thickness with various methodologies. e T have been limited by flexure modelling to 7 km in the Madrid Basin (Van Wees et al., 1996) , and by Bouguer coherence and free-air admittance methods to 15-30 km and 30-40 km, respectively, for the entire centre of Iberia (Gómez- Ortiz et al., 2005b; Pérez-Gussinyé and Watts, 2005) . The strength envelopes provide different estimates for the basins and the Central System (Gómez- Ortiz et al., 2005b) : ~17 km/~26.5 km (wet/dry rheologies) and 13 km/22 km (wet/dry rheologies) respectively. A decrease is also observed in the e T map of the European lithosphere, from 35-40 km in the interior of the basins up to 5-10 km in the mountain range (Tesauro et al., 2007) . However, more recent estimates show a less marked variation of e T between the three units, with differences of only 1-2 km (Martín-Velázquez et al., 2008; Jimén-ez-Díaz et al., 2012) .
Model setup
Thermomechanical equations
The strength and deformation models were estimated with the finite element code ANSYS. First, the temperature distribution and heat flow were solved in a thermal analysis [1] [2] . Then, the lithospheric strength was calculated [3] [4] and included as a nonlinear material parameter (stress at which yielding is initiated) in the software pre-processor. Theoretical concepts on stable geotherms define the thermal structure (Ranalli, 1995; Turcotte and Schubert, 2002 ): a) the heat is (Tejero and Ruiz, 2002; Jiménez-Díaz et al., 2012) , and T was taken from the previous calculation of the thermal structure. Dislocation creep parameters are representative of the characteristic lithologies in this area (Table 1) . Dry rheologies were selected in the upper crust from Cenozoic deformation modelling (Martín-Velázquez and De Vicente, 2012) , and as mantle composition is not constrained (Ruiz et al. 2006) , the two extreme cases were checked: dry and wet lithospheric mantle.
Boundary conditions
An exponential decay of heat generation for each layer was assumed in the thermal analysis, except for the sedimentary basins in which a constant value was applied (Table 1) . Constant temperatures were defined at the surface (15 °C) and the base (1350 °C) of the model (Tejero and Ruiz, 2002; Ruiz et al., 2006) (Fig. 2) .
The strength models obtained from the combination of the three stress regimes with the two rheologies were used as ) and the peculiarities of the tectonic regime in the peninsular centre (Gölke and Coblentz 1996; Andeweg, 2002; Tejero and Ruiz, 2002; Jiménez-Munt and Negredo, 2003; De Vicente et al., 2008) suggest that the current tectonic stress in the Iberian Peninsula should be close to ~10 MPa without exceeding 25 MPa (Martín-Velázquez et al., 2009) . Consequently, the models were deformed by a constant pressure of 10 MPa in each of both lateral sides (Fig. 2) , so the estimated strain regimes (elastic/permanent) are the result of only tectonic loads. The vertical displacement of the base nodes was restricted and the horizontal movement of the node located halfway in the base was also fixed for the models to be in equilibrium.
Thermal structure
In this section, the results of the thermal modelling in the Iberian intraplate lithosphere are described. The temperature and heat flow distributions are subparallel to the surface, although lateral variations occur owing to the lithospheric heterogeneities (topography, crustal thickness, thermal parameters, heat production). The Central System sector has the highest temperature in the crust-mantle boundary and the surface heat flow (Fig. 3) . Temperature increases from ~600 ºC in the lateral sides (611 ºC in the Duero Basin and 596 ºC Kaikkonen (2001 Kaikkonen ( , 2004 by modelling its elasto-plastic behaviour from the von Mises criterion 0
where, 1 σ , 2 σ , 3 σ are the principal stresses. The lithosphere deforms elastically or permanently, and the permanent (plastic) deformation takes place once the loads generate stresses that exceed its brittle or viscous strength. As stress magnitudes resulting from only time-independent strains were evaluated, this simplification of the deformation mode is appropiate. A tectonic load was applied in both lateral sides, and the yielding relation c e R σ σ / = was computed. The equivalent stress e σ , which describes the tectonic stress, is the square root of the second invariant of the stress tensor. The yield stress c σ , from which permanent deformation occurs, was defined by the previously calculated strength [3] [4] . Therefore, regions with 1 ≥ R are brittle or ductile, while those with 1 < R are elastic. Small strains are elastic until the yield strength is exceeded, and they were estimated under plane strain (ε 3 = 0) [8] [9] [10] (Ranalli 1995; Turcotte and Schubert, 2002) :
where 1 ε , 2 ε , 3 ε are the principal strains, ν is the Poisson's ratio, and E is the Young's modulus.
Model and material parameters
The numerical model represents the lithosphere of the centre of Iberia (Central System and Duero and Madrid basins) along a cross section transverse to the major Alpine thrusts and parallel to the active maximum horizontal stress (Figs. 1  and2) . The crustal structure was synthesised from a density model in the eastern sector of the Central System (Gómez- Ortiz et al., 2005a) . The lithosphere-asthenosphere boundary has a concave geometry because of the folding of the base of the Iberian intraplate lithosphere during the Cenozoic (Martín-Velázquez and De Vicente, 2012) . Three sectors were differentiated from NW to SE with distinct composition in the upper crust and thermal structure in the lithosphere: Duero Basin, Central System and Madrid Basin.
The mechanical and thermal properties were defined from different studies in the peninsular centre (Table 1) . According to the complex stress conditions in the peninsular centre, brittle strength [3] was calculated in thrust, strike-slip and normal fault regimes, and thus α was respectively 3.0, 1.2 and 0.75, assuming a coefficient of friction 0.75 (Ranalli, 1995) . A hydrostatic pore fluid pressure f P was assumed in (Fernàndez et al., 1998; Tejero and Ruiz, 2002; Villaseca et al., 2005; Villaseca and Orejana, 2008; Jiménez-Díaz et al., 2012) , and the slight discrepancies are caused by differences in the lithospheric structures and thermal parameters.
Lithospheric strength
Mechanical behaviour and integrated strength
The strength of the lithosphere was initially calculated for the three stress regimes (compression/thrust fault, shear/ strike-slip fault, tensile/normal fault), both types of mantle †Taken from Fernàndez et al. (1998) , Villaseca et al. (1999) and Tejero & Ruiz (2002) . ‡Calculated from seismic-wave velocities (Banda et al. 1981) and densities (Gómez-Ortiz et al. 2005a ) (see for details Martín-Velázquez & De Vicente, 2012) . §Taken from Ranalli (1995) . ¶Taken from Fernàndez et al. (1998) and Tejero & Ruiz (2002) . rheology (dry, wet), and a ε& of 10 -15 s -1 (Fig. 4) . The contrasts in temperature, composition and crustal thickness produce lateral variations of strength that are more pronounced in dry conditions and compressive regime: ~1350 MPa in the Duero Basin, ~950 MPa in the Central System and ~1550 MPa in the Madrid Basin.
The deformation mechanism is brittle in the upper half of the crust and ductile in the lower half (Fig. 4) . A thin ductile layer develops within the brittle crustal level of both basins (above the upper-middle crust boundary) under a compressive regime (Fig. 4a, 4d ), and to a lesser extent under shear regime (Fig. 4b, 4e) . The magnitude and depth of maximum strength in the crust are conditioned essentially by the stress regime: ~750 MPa/~15 km in compression, ~350 MPa/~16 km in strike-slip and ~250 MPa/~18 km in tension. Although these values remain quite constant along the middle crust of the entire section, some variations are observed as a result of lateral heterogeneities.
The mantle deformation is essentially ductile with its maximum strength at the mantle-crust boundary (Fig. 4) . However, the dry mantle may deform in a brittle way near the base of the crust under shear and tensile regimes, and the maximum strength is reached at ~3 km below the Moho (deeper values under the basins) (Fig. 4b, 4c) . The maximum strength of the mantle is greater than the crustal one under dry conditions, whereas it is significantly reduced under wet conditions. The maximum strength/depth decreases/increases from thrust to normal fault regimes with a dry rheology (~1250 MPa/34 km, ~950 MPa/36 km and ~600 MPa/38 km), although this trend is independent of the stress regime with a wet rheology (~125 MPa/34 km).
The integrated strength of the crust, mantle and lithosphere varies from 8.3 x 10 11 N m -1 to 2.3 x 10 13 N m -1 (Fig. 5) . In general, the magnitudes decrease from compression to tension (wet mantle strength does not depend on the stress regime), and from dry to wet mantle conditions (crustal strength does not depend on the mantle rheology). The mantle and lithospheric strengths in the basins are always higher than in the mountain range. However, crustal strength is lower in the basins in compression and it decreases from NW to SE in shear/ tensile regimes. These lateral differences are conditioned by the strength of the mantle beneath the basins and the ductile layer development in their upper crusts (Fig. 4) . The integrated strength of the anhydrous mantle is greater than that of the crust, except in the sector of the Central System under a compressive regime, whereas the opposite situation occurs with a hydrous mantle.
Effective elastic thickness
A mechanical decoupling between the crust and mantle is always obtained. The average competent thicknesses of the crust, the dry mantle and the wet mantle are respectively ~26, ~30 and ~19 km. The mechanical crustal layer thickness decreases from NW to SE, while the mechanical mantle layer is somewhat thicker under the basins. These thickness variations cause the effective elastic thickness decreases from the sides of the cross section toward the Central System boundaries, to rise again slightly inside the range (Fig. 4) . The Madrid Basin yields the highest e T and the Duero Basin the lowest ones. Furthermore, estimates are higher with a dry mantle: 30-35 km vs. 22-25 km.
Seismogenic thickness
The seismogenic thickness is determined by the stress regime and lateral heterogeneities of the crust. Its magnitude approximately decreases from extensional to compressive conditions (Fig. 4) . The lithosphere displays a brittle-ductile transition very constant laterally under tension ( s T~17 km, although locally can decrease up to ~8 km). The brittleductile transition is deeper in the Duero Basin and Central System than in the Madrid Basin in shear regime ( s T~17 km vs. ~10 km). And the predominant depth is considerably reduced under compression ( s T~9 km), although deeper values are maintained in the northern half of the Central System ( s T 15 km). 
Elastic and permanent deformation
The lithospheric layers decouple under a tectonic load of 10 MPa in each lateral side, regardless of the stress regime and rheological parameters (Fig. 6) . Strong layers develop in the upper-middle crust and the upper part of the lithospheric mantle, where the deformation is elastic ( 1 < R ). By contrast, the deviatoric stresses exceed the limit of the ductile strength in the lower crust and lower part of the lithospheric mantle ( 1 ≥ R
). An increase in the R values is observed near the surface of the models from compressive to tensile regime, so brittle deformation may occur in strike-slip and tension contexts. In addition, the elastic mantle regions are reduced from an anhydrous to a hydrous mantle.
Discussion
The Iberian intraplate rheological model: strong vs. soft mantle
The lithospheric strength is related to geological processes, and two rheological models with different geodynamic implications have been proposed: lithospheres with strong or dry mantles (the jelly sandwich model; Ranalli and Murphy, 1987; Kohlstedt et al., 1995; Burov and Diament, 1995; Watts and Burov, 2003; Burov and Watts, 2006; Burov 2009 Burov , 2011 and lithospheres with soft or wet mantles (the crème brûlée model; Maggi et al., 2000; Jackson 2002; Jackson et al., 2008) . Despite the debate between supporters of each model, to be 40 times larger (Ruiz et al., 2006) . However, this result seems to be related to a crust without a rheological stratification, i.e. the middle crust does not contribute to the strength, and the high Young's modulus (100 GPa) assumed for the lithosphere, which possibly drive to an overestimation of the strength values. Moreover, this wet rheology was selected from the upper limit of published e T (21 km) in this area (see for details Ruiz et al., 2006) , but a dry mantle is also possible considering the most recent estimates that reach 30 km.
The lithospheric strength estimated in this work along the Iberian section is very different under anhydrous or hydrated conditions of the mantle (Figs. 4 and6) , differing from the above results of Ruiz et al. (2006) . It is mainly maintained by the dry peridotitic mantle (crustal strength is higher only only strong mantles can simulate orogenic and subduction processes in visco-elasto-plastic models, since otherwise delamination occurs, and they provide a general framework to explain the maintenance of the main features on the Earth's surface for long periods of time (Burov and Watts, 2006; Burov, 2009 Burov, , 2011 .
Although the mechanical behaviour of the lithosphere greatly depends on the mantle composition, this factor is often difficult to constrain (Fernàndez and Ranalli, 1997; Afonso and Ranalli, 2004; Burov, 2011) . Thus, in the Iberian intraplate lithospheric mantle under a tensile regime, a wet rheology is suggested from e T estimates but which contributes significantly to the lithospheric strength: the mantle contribution to e T exceeds 10 times the crust contribution, even in the Central System under compression), while essential contribution comes from the crust with a wet rheology (Fig.  5) . The integrated strength of the strong mantle is 2-3 times the crustal one, whereas this range decreases to 0.2-0.8 with the weak mantle. There is no solid evidence for the mantle composition in the peninsular centre (Villaseca and Orejana, 2008; Orejana et al., 2009) , but taking into account that only strong mantles support the main geodynamic features and processes (Burov and Watts, 2006; Burov, 2009 Burov, , 2011 , the estimates obtained with a compressive regime or a wet peridotitic mantle must be dismissed. The weakening of the lithosphere under these conditions would hamper the Alpine deformations that shaped the Iberia interior. Nevertheless, a lithosphere with a dry mantle under shear or tensile regime would be stronger and consistent with the jelly sandwich model. Despite the complex stresses in Iberia, this result also agrees with the tectonic active regimes that mainly characterised its interior (Jiménez-Munt and Negredo, 2003; De Vicente et al., 2008; Olaiz et al.-2009) ; consequently, strike-slip regime (α in [3]) is the upper limit to estimate the brittle strength in this region.
Cenozoic deformations
From the above discussion, the integrated strength of the Iberian intraplate ranges from 9.5 x 10 12 to 1.4 x 10 13 N m Wees et al. 1996; Tejero and Ruiz, 2002; Pérez-Gussinyé and Watts, 2005; Gómez-Ortiz et al., 2005b; Tesauro et al., 2007; Martín-Velázquez et al., 2008; Jiménez-Díaz et al., 2012) and they decrease from the sedimentary basins toward the mountain range (Figs. 4b,c and  5b,c) . The spatial variations in rigidity are characteristic of the Iberian and European lithospheres (Pérez-Gussinyé and Watts, 2005; Tesauro et al., 2007) . In the peninsular interior, they have been attributed to the inherited lithosphere structure and tectonic evolution owing to the absence of young thermal episodes (Gómez-Ortiz et al., 2005b) . From the numerical modelling, the lithosphere of the Central System is weaker because of its lower mantle strength (as a result of the crust thickening) and its higher geotherm (due to the high heat production of granites). This is consistent with the Cenozoic uplift of the mountain range, which was conditioned by strength anisotropies resulting from contrasts of temperature and composition (Martín-Velázquez and De Vicente, 2012) . Its weaker lithosphere with respect to that of the basins favoured its greater deformation. Furthermore, the biharmonic folding of the Iberian lithosphere (Cloetingh et al., 2002 ; De Vicente et al., 2007; Martín-Velázquez and De Vicente, 2012) is supported by the mechanical decoupling between crust and mantle that is obtained in the numerical modelling (Figs. 4b,  4c, 6b, 6c) . Consequently, the current lithospheric strength in the Iberian intraplate is a continuation of the strength during the Cenozoic period.
Regarding the integrated crustal strength, there is a progressive decrease from the NW to the SE in shear and tensile regimes (Fig. 5d) lower crustal strength. Moreover, the instrumental seismicity in the Madrid Basin is associated with NW-SE trending faults of strike-slip kinematics, while the NE-SW trending reverse faults are blocked as seismogenic sources (GinerRobles et al., 2012) . Even though the relationship between seismicity and lithospheric strength is a fairly controversial subject (Sibson, 1986; Watts and Burov, 2003; Aldersons et al., 2003; Burov and Watts, 2006) , the low crustal seismicity in the Duero Basin would be associated with its higher crustal strength while the increased nucleation of earthquakes in strike-slip faults in the Madrid Basin would be favoured by its lesser strength. 
(elevated location errors).
Only 37 of the remaining 56 earthquakes, with a maximum magnitude of 4.2, had the hypocentral depth. Seismic activity mainly takes place in the upper levels of the crust (up to 16 km) and it is bounded by the seismogenic thickness estimated from the brittle-ductile transition under strike-slip and normal fault regimes ( s T~17 km). The type of stress regime does not produce large variations in s T (Fig. 7c) , as was also observed in a similar study in the Gibraltar Arc area (Fernández-Ibáñez and Soto 2008) . Although the first transition can be situated locally at lower depths (~8-10 km), they correspond to a thin ductile sandwiched level (1 km thick) at the base of the upper crust under shear regime (mainly in Madrid Basin, Fig. 4b ). Therefore, brittle deformation affects not only to the upper crust but also to the upper half of the middle crust. Previous strength envelopes under tension show two brittle-ductile transitions in the crust at 7-11 km and 13-16 km, with a well-developed ductile layer between them (3-4 km of thickness at 7-14 km), or one brittle-ductile transition at 9-10 km (Tejero and Ruiz, 2002; Jiménez-Díaz et al., 2012) . The new strength models
Seismicity
The strength to faulting provides a first order estimate of the stress that produces the frictional sliding in the crust, i.e. crustal seismicity (Sibson, 1986; Zoback and Townend, 2001; Watts and Burov, 2003; Aldersons et al., 2003) . Seismicity in the interior of Iberia is low to moderate Andeweg et al., 1999; Herraiz et al., 2000; Tejero and Ruiz, 2002; De Vicente et al., 2007 , 2008 Giner-Robles et al., 2012) . Seisms concentrate toward the SE of the Madrid Basin, owing to a flexural forebulge, and in basement faults at the southern edge of the Central System (Fig. 7a) Andeweg et al., 1999; De Vicente et al., 2007; Giner-Robles et al., 2012) .
In order to analyse the distribution of hypocentres, 272 events with calculated magnitude were compiled from the national seismic catalogue (IGN 2014) for the period 27/06/1954 to 10/08/2014 (Fig. 7) . Following the criteria proposed in CSN (2006) , data prior to 1985 were ruled out (low quality of the network) as well as those with magnitudes less than ficial areas could experience brittle deformation under tensile or shear regime. Therefore, although the intraplate Cenozoic deformations occurred in a compressive context, the shear to extensional conditions best describe the active tectonic regime, as also suggest the inversion of focal mechanisms Olaiz et al., 2009 ) and the sedimentation of late Miocene alluvial fans (De Vicente and Muñoz-Martín, 2012) . Earthquake nucleation are not resolved with these models but the elastic deformation, roughly coincident with the competent layers, and the aseismic creep in the crust and mantle explain the low seismicity of the peninsular centre. Moreover, the stress ratio of the elastic regions are low (<0.5), and large stresses must build up to produce faulting/ seismicity. Finally, the strength varies according to the strain rate, so that a strain rate decrease reduces s T and e T (Fernández-Ibáñez and Soto, 2008; Jiménez-Díaz et al., 2012 , Tesauro et al., 2007) . Owing to the wide range of ε& and to check its effect, the integrated strength and the brittle-ductile transition has been modelled for 10 -16 s -1 and 10 -17 s -1 under shear and tensional regimes (Fig. 8) . The basin lithospheres, except the south of the Duero Basin, are strong (jelly sandwich model) with those lower ε& , whereas the Central System lithosphere account for the whole hypocentral depths (Fig. 7b) , and solve the problem of earthquakes within those previous ductile levels, which were attributed to uncertainties intrinsic to strength envelopes (Tejero and Ruiz, 2002) . However, this discussion would remain open as the seismic layer may extend to greater depths than the brittle-ductile boundary (Scholz, 1998; Handy and Brun, 2004; Zang et al., 2007; Fernández-Ibáñez and Soto 2008; Chen et al., 2012) . The cause of seismicity at ductile crustal levels is not well understood, and it has been explained by: high pore-fluid pressures that widens the brittle layer (Boncio, 2008; Brantut et al., 2011; Hirono and Tanikawa, 2011) , increased strain rate in the co-seismic and early post-seismic phases (aftershocks) that would extend the brittle-ductile transition in depth (Boncio 2008; Chen et al., 2012) , or alternative constitutive relationships such as brittle fracture mechanism (Zang et al., 2007) , dislocation glide (Matysiak and Trepmann, 2012; White 2012) , or mixed brittle-viscous region between the brittle upper crust and viscous lower crust where faults are able to penetrate (Scholz, 1998; Dempsey et al., 2012) . On the other hand, there is a margin of error in the estimation of earthquake depths. The number of seismic stations or their distance to the hypocenters determine the location errors, so the available earthquake locations also may reflect depth errors.
The modelling of the tectonic load on the Iberian lithosphere (Fig. 6) shows that current permanent deformation occurs basically by creep in the lower crust and lower half of the mantle. The high strength values in the upper part of the mantle would prevent faulting in this region and just some super- and covers the instrumentally recorded hypocentral depths. However, the convergence between African-Eurasian plates is solved mainly by elastic deformation (upper-middle crust and upper part of the mantle) and ductile deformation (lower crust and lower part of the mantle), resulting in the low seismicity characteristic of the Iberian intraplate. with magnitudes comparable to tectonic ε& , and also in the peninsular centre but with gentle lateral changes (Tesauro et al.-2011) . Therefore, future research should also consider ε& anisotropies to constrain this parameter and improve strength estimates of the lithosphere.
Conclusions
The lithospheric strength across the Central System mountain range and the Duero and Madrid sedimentary basins has been estimated reducing rheological uncertainties by a) constraining the crustal structure from a density model, b) only considering dry rheologies in the upper crust as Cenozoic deformation modelling suggests, and c) constraining the stress regime, mantle rheology and strain rate.
The deformation mechanism of the lithosphere is essentially brittle in the upper half of the crust and ductile in the lower half of the crust and mantle. A strong continental lithosphere, that allows its stability and the maintenance of the Central System reliefs, is obtained with a ε& of 10 -15 s -1 , dry mantle, and strike-slip and tensional regimes, the stress conditions consistent with the active regimes in the Iberia centre. The effective elastic thickness (30-35 km) and the integrated lithospheric strength (7.9 x 10 12 to 1.4 x 10 13 N m -1 ) are typical of Phanerozoic lithospheres of Western Europe, and both parameters gradually increase from the Central System toward the Duero and Madrid basins. The crust-mantle decoupling, caused by the rheological stratification, and the strength heterogeneities determine the mountain range uplift and the biharmonic folding of the lithosphere during Alpine deformations. Although these conclusions are achieved with a ε& of 10 -15 s -1 , similar results but with lower strength magnitudes (25-30 km, 5.1-8 x 10 12 N m -1 ) are also achieved under extension with 10 -16 s -1 , a more accurate value in the peninsular. The decrease of the integrated crustal strength from the Duero Basin to the Madrid Basin accounts for a parallel increase in recent tectonic activity and seismicity. The seismogenic thickness extends to the middle crust (~16-17 km)
